Protein kinase D2 (PKD2) is a serine and threonine kinase that is activated in T cells by diacylglycerol and protein kinase C in response to stimulation of the T cell receptor (TCR) by antigen. We quantified the activation of PKD2 at the single-cell level and found that this kinase acts as a sensitive digital amplifier of TCR engagement, enabling CD8 + T cells to match the production of inflammatory cytokines to the quality and quantity of TCR ligands. There was a digital response pattern of PKD2 activation in response to TCR engagement, such that increasing the concentration and potency of TCR ligands increased the number of cells that exhibited activated PKD2. However, for each cell that responded to TCR stimulation, the entire cellular pool of PKD2 (∼400,000 molecules) was activated. Moreover, PKD2 acted as an amplification checkpoint for antigen-stimulated digital cytokine responses and translated the differential strength of TCR signaling to determine the number of naïve CD8 + T cells that became effector cells. Together, these results provide insights into PKD family kinases and how they act digitally to amplify signaling networks controlled by the TCR.
INTRODUCTION
The mammalian serine and threonine protein kinase D (PKD) family consists of three different, but closely related, serine kinases (PKD1, PKD2, and PKD3), which integrate diacylglycerol (DAG) and protein kinase C (PKC) signaling to control diverse biological processes in multiple cell lineages. For example, PKD1 is essential for normal embryonic development (1), whereas PKD2 has an important role in adult mice to control the function of lymphoid cells during adaptive immune responses (2, 3) . The activation of PKDs is initiated by the binding of polyunsaturated DAGs to N-terminal regulatory domains in the kinases, but is completed and stabilized by the DAG-dependent, PKC-mediated phosphorylation of two serine residues within the conserved PKD catalytic domain (Ser  707 and Ser   711 for murine PKD2) (4, 5) . PKC-phosphorylated PKDs are catalytically active in the absence of continued binding of DAG, and they do not need to be localized to the plasma membrane to remain active (6) . The allosteric regulation of PKDs by PKC-mediated phosphorylation thus affords a mechanism for these molecules to act as signal amplifiers that transduce signals from receptor-mediated increases in DAG and PKC from the cell membrane to the interior of the cell. PKD2, but not PKD1, is selectively found in lymphocytes (2) . PKD2 is required for signaling initiated by the T cell antigen receptor (TCR) in mature peripheral T lymphocytes (3) . Stimulation of the TCR by peptidemajor histocompatibility complexes (pMHCs) on the surface of antigenpresenting cells (APCs) initiates T cell proliferation (a process known as clonal expansion) and differentiation (7) . Naïve T cells are highly sensitive to antigen, because only a few pMHC complexes are sufficient to stimulate the network of signaling pathways required for the differentiation of naïve T cells into effector T cells (8, 9) . How TCR-mediated signaling is amplified to transduce signals that sustain T cell proliferation and control the size of the pool of effector T cells is thus a key question. Accordingly, it is important to identify the critical signaling molecules that control amplification steps in T cells because these will be relevant targets for therapeutic intervention.
In this context, the TCR is coupled through cellular tyrosine kinases to signaling responses that generate key "second messengers," including DAG (10) . A crucial role for DAG in controlling the sensitivity of TCR responses is evident in T cells that lack DAG kinases (enzymes that phosphorylate DAG to terminate its signaling), which show enhanced responsiveness to TCR stimulation (11, 12) . As discussed earlier, one DAG-activated signaling molecule that is important for T cell activation is PKD2. This kinase binds to DAG with high affinity (13) and is highly abundant in peripheral T cells (2) , and thus has the potential to be a sensitive sensor of TCR occupancy. Moreover, the biochemistry of PKD2 activation by PKC-mediated phosphorylation enables this kinase to transduce signals from the plasma membrane to the cytosol. Indeed, during the sustained response to TCR engagement, phosphorylated and active PKD2 molecules are localized in the cytosol (6) .
In vitro studies indicate that PKD2 is important for proinflammatory cytokine production by antigen-activated T lymphocytes (2, 3) . In this respect, it is increasingly recognized that the recruitment of naïve T cells into a pool of activated cells that switch on cytokine production depends on the ability of an individual T cell to sense the strength of the TCR ligand and initiate digital on and off sensitive responses that amplify TCR signaling (14, 15) . Does PKD2 mediate a sensitive response to TCR ligands? To answer this question, a number of issues need to be resolved. First, does PKD2 show a digital or analog response to TCR stimulation? Second, does PKD2 activation interpret the quality or quantity of the TCR ligand? And third, does PKD2 control digital or analog responses in T cells? Here, we addressed these issues and explored the role of PKD2 as an effector of DAG and PKC in T cells in experiments with mice deficient in PKD2 ), and hence cannot amplify or transduce DAG-and PKC-dependent signals into the cell interior (2) . Our experiments showed that PKD2 acts as an ultrasensitive digital amplifier of TCR signaling that determines the percentage of cytokine-producing cells within the T cell population and the size of the T cell effector pool. These data afford insights about PKD2 and how its role as a PKC substrate enables PKD2 to function as a signal amplifier to mediate cellular responses in CD8 + T cells.
RESULTS

Antigen-stimulated T cells exhibit digital activation of PKD2
PKD2 activation is initiated by the binding of DAG to an N-terminal regulatory domain in the kinase, but activation is completed by the PKCmediated phosphorylation of Ser 707 and Ser 711 within the activation loop of the catalytic domain of PKD2 (Fig. 1A) . To assess the importance of these phosphorylation events for PKD2 activity, we monitored the activity of PKD2 by Western blotting analysis with antisera against PKD2 phosphorylated at Ser 873 (pPKD2 Ser873 ) (Fig. 1B) , a known PKD2 autophosphorylation site (Fig. 1A) . In these experiments, we used naïve OT-I TCR transgenic T cells, a genetically identical monoclonal population of CD8 + T cells that express a TCR that recognizes the chicken ovalbumin (OVA) peptide, SIINFEKL (N4), presented by the type I MHC molecule H-2K b on APCs. These experiments showed that in naïve T cells, stimulation of the OT-I TCR with its cognate ligand SIINFEKL (N4) induced a rapid and sustained activation of PKD2 (Fig. 1B) . The ability of the OT-I TCR to activate PKD2 was markedly reduced in T cells expressing PKD2 S707A/S711A (Prkd2 SSAA/SSAA ), which cannot be phosphorylated by PKCs (2, 3). As a positive control for TCR signaling, we found that the TCR-stimulated activation of extracellular signal-regulated kinase 1/2 (ERK1/2) was not altered in OT-I Prkd2 SSAA/SSAA CD8 + T cells (Fig. 1B) .
Phorbol esters, such as phorbol 12,13-dibutyrate (PDBu), which act as pharmacological mimetics of DAG, stimulate a stoichiometric phosphorylation and activation of the total cellular pool of PKDs. In this respect, PKD2 activity in the TCR-stimulated T cells was lower than that seen in the PDBu-treated T cells (Fig. 1B) . This could reflect that TCR stimulation is unable to activate the total pool of PKD2 found within each individual T cell. Alternatively, the lower amount of active PKD2 seen at the population-level analysis of a Western blot could reflect the possibility that not all T cells within the naïve T cell pool could activate PKD2 in response to TCR stimulation. To distinguish between these possibilities, we used a single-cell, flow cytometry-based protocol to quantify PKD2 activity. The antiserum against PKD2 phosphorylated at Ser 873 (pPKD2 Ser873 ) accurately monitors PKD2 activity in flow cytometry-based assays and enables quantification of PKD2 activity at the single-cell level (3) . The sensitivity of this assay was assessed in a PDBu dose-response curve for PKD2 activation (Fig. 1C) . In these experiments, we also used flow cytometry to monitor the PDBu dose response for ERK1/2 activation because the analysis of ERK1/2 phosphorylation by flow cytometry has been used extensively to monitor DAG-mediated signaling pathways in T cells (16, 17) . These experiments showed that PKD2 activation was sensitive to PDBu, with a 50% maximal response achieved with 10 nM PDBu, compared to the 25 nM PDBu that was required to achieve a similar response for ERK1/2 activation (Fig. 1C) . These experiments also showed that increasing the concentration of PDBu promoted a gradual shift in pPKD2
Ser873 staining (Fig. 1C) . These data suggest that PDBu activates PKD2 in the total pool of naïve T cells in an analog manner.
We then examined the characteristics of TCR-stimulated activation of PKD2. The key question was whether the TCR stimulated an analog or digital PKD2 activation response in naïve OT-I CD8 + T cells. The data showed that after stimulation of the OT-I TCR with its cognate ligand SIINFEKL (N4), two distinct cell populations were detected with respect to pPKD2 Ser873 staining: one population had active PKD2 or was "on," whereas the other population had no detectable PKD2 activity or was "off " (Fig. 1D) . This on-off state of active PKD2 suggested that there was a digital response to TCR stimulation, which was in contrast to the graded response in PKD2 activation that was observed for PDBu (Fig. 1, C and D) . We next examined the kinetics of PKD2 activation after TCR stimulation in parallel with that of ERK1/2 activation, because ERK1/2 exhibits a digital response pattern in naïve T cells (16) . In these experiments, we detected on and off activation states for both PKD2 and ERK1/2, which are characteristic of digital behavior (Fig. 1E) . These experiments also confirmed previous results showing that the TCR-dependent activation of ERK1/2 is transient (16) . In comparison, the TCR-dependent activation of PKD2 was rapid and sustained ( Fig. 1E) , and the effect of prolonging the time of TCR stimulation was to increase the percentage of cells that had activated PKD2. We also noted that the intensity of the pPKD2
Ser873 staining among the population of cells with active PKD2 did not change, indicating that similar numbers of PKD2 molecules were activated in the responding population at the different time points.
A characteristic feature of a digital (or bimodal) response is that increasing the concentration of the stimulus increases the percentage of responding cells, which is in contrast to a graded or analog response in which increasing the concentration of the stimulus gradually increases the response in individual cells. Therefore, we examined in detail the digital behavior of PKD2 activation in naïve OT-I T cells as they responded to increasing concentrations of TCR ligand (pMHC). These experiments showed that the percentage of CD8 + T cells that contained active PKD2 was determined by the concentration of SIINFEKL (N4) peptide used, but that the amount of active PKD2 among the responding cells remained constant regardless of the increased pMHC concentration (Fig. 1F) . We did not detect cells with intermediate amounts of pPKD2
Ser873 in response to TCR stimulation. In these experiments, we used cells stimulated with PDBu as a positive control because this pharmacological stimulus of PKD2 maximally activates the total cellular pool of PKD2. A comparison of the amounts of pPKD2 Ser873 in cells stimulated either through the TCR or with PDBu showed that, independently of the peptide concentration used, the amount of active PKD2 per cell was comparable to that observed in PDBu-activated cells (Fig. 1F) . These results confirm the digital behavior of PKD2 activation in response to TCR stimulation, and showed that in individual T cell responders, the total cellular pool of PKD2 molecules was active.
TCR ligand affinity controls the number of naïve T cells that activate PKD2
We also investigated how the pMHC affinity for the TCR affected PKD2 activation in the OT-I TCR transgenic model. The peptide SIINFEKL (N4) presented by H-2K b is a strong agonist for the OT-I TCR complex. We made use of known variants of the N4 peptide with a wide range of potencies for stimulating OT-I T cells, which have been extensively used to study how pMHC affinity for the TCR influences selection processes in the thymus (18) and activation thresholds in naïve T cells (19, 20) . We selected two peptide variants derived from the original high-affinity OT-I ligand N4: SIIQFERL (Q4R7) and SIITFEKL (T4), which have intermediate and low affinity (K d = 48 ± 9.5 nM and 55 ± 10.1 nM, respectively) for the TCR compared to that of the high-affinity N4 peptide (K d = 3.7 ± 0.7 nM) (18) . These experiments showed that the affinity of the pMHC for the TCR determined the percentage of T cells that were able to activate PKD2 (Fig. 1G ). The T4 peptide, which has low affinity for the OT-I TCR, stimulated only a few T cells to activate PKD2; however, within all of the responding cells, the total pool of PKD2 molecules was activated. The percentage of T cells with active PKD2 was higher when a peptide with intermediate affinity for the TCR (Q4R7) was used, although the percentage of responding cells was still lower than that stimulated by the strong agonist N4 peptide. These data thus show that PKD2 displays a digital pattern of activation in response to TCR stimulation, and that both TCR ligand concentration and potency dictate the percentage of responding cells (Fig. 1, F and G). In individual responders, 100% of PKD2 molecules were activated in response to TCR stimulation.
PKD2 is a sensitive sensor of TCR signaling
T cells are very sensitive to TCR stimulation, and very few pMHC complexes are required to initiate T cell activation processes (8, 9, 14, 16) . The phorbol ester dose response for PKD2 activation ( Fig. 1C ) indicated that PKD2 activation could be induced in response to very low amounts of stimuli. We therefore wished to examine how many pMHC molecules were required to activate the total pool of PKD2 molecules in a single T cell.
To control the amount of cognate peptide presented to T cells, we used the transporter associated with antigen processing (TAP)-deficient lymphoma RMA-S as peptideloaded APCs. RMA-S cells efficiently present exogenously added peptide through H-2K b MHC molecules. Moreover, an anti-N4-K b antibody that recognizes the N4 peptide bound to H-2K b can be used to quantify the number of pMHC molecules on the cell surface of the APC (16). We loaded RMA-S cells with different amounts of N4 peptide and determined the amount of pMHC at the cell surface by comparing the MFI of phycoerythrin (PE)-conjugated anti-N4-K b antibody staining to that of a known PE standard curve ( fig. S1 ). RMA-S cells loaded with different amounts of N4 peptide were then mixed with naïve OT-I CD8 + T cells, and PKD2 activation was assessed by flow cytometry. Peptide loading of the RMA-S cells showed a normal Gaussian distribution, and loading an average of 6 ± 103 pMHC complexes per RMA-S cell was sufficient to activate the total pool of PKD2 in an individual T cell ( Fig. 2A and fig. S1 ). Moreover, increasing the density of pMHC ligands on the APC increased the percentage of T cells within the population that exhibited activated PKD2 ( Fig. 2A) . These data suggest that PKD2 activation is a sensitive digital sensor of TCR signaling in response to peptide-loaded APCs.
Amplification of TCR signals by PKD2 activation
To quantify the extent of signal amplification associated with the activation of the total cellular pool of PKD2 by small amounts of pMHC complexes, it was necessary to determine the number of PKD2 molecules present in peripheral T cells. Flow cytometric analysis of PKD2 abundance with a pan-PKD antiserum revealed a Gaussian distribution of PKD2 molecules within the monoclonal, naïve OT-I CD8 + T cell population (Fig. 2B) . We then used a targeted mass spectrometry (MS) technique known as selected reaction monitoring (SRM) to quantify PKD2 abundance in naïve OT-I CD8 + T cells, because this method has the potential to yield absolute quantification of target peptides from a particular protein in a complex sample, such as a peptide mixture derived from a trypsin digestion of total cell lysates. SRM also has the potential to detect, in principle, proteins within the low-attomole range of abundance (21), and absolute proteomic quantitation is achieved by spiking the experimental sample with known concentrations of synthetic, heavy isotopologues of target peptides and then performing liquid chromatography (LC)-MS/MS. Thus, by SRM, heavy and light versions of the target peptides are analyzed by MS simultaneously, and the abundance of the target peptide in the experimental sample is compared to that of the heavy peptide and back-calculated to the initial concentration of the heavy standard. PKD2 654-664 peptide (FLITQILVALR) was selected as optimal for PKD2 quantification by SRM (see Materials and Methods). A known concentration of synthetic PKD2 654-664 peptide labeled with heavy isotopes was mixed with the trypsin digest obtained from naïve OT-I CD8 + T cells and analyzed by SRM. These experiments indicated that naïve OT-I CD8 + T cells had, on average, 370,000 to 500,000 molecules of PKD2 per cell (Fig. 2C) . Accordingly, the activation of PKD2 is a markedly sensitive means of signal amplification for the TCR given that up to 500,000 molecules of PKD2 are activated by stimulation with small amounts of pMHC per T cell ( Fig. 2A) .
A comparison of PKD2 abundance in naïve OT-I CD8 + T cells and that in naïve polyclonal CD8 + T cells revealed that the abundance of PKD2 in the OT-I TCR transgenic T cells was almost twofold greater than that in polyclonal CD8 + T cells (Fig. 2B) . This difference led us to consider that the abundance of PKD2 in naïve T cells might be set while the T cells undergo positive selection in the thymus. Our flow cytometric analysis of PKD2 abundance in thymic subsets (Fig. 2D ) is consistent with this hypothesis, because we observed that there was a substantial increase in PKD2 abundance in T cells as they differentiated from the less mature CD4 T cells, which have twofold less PKD2 abundance (Fig. 3A) . We analyzed the percentages of OT-I Prkd2 +/+ and OT-I Prkd2 +/-T cells that exhibited activated PKD2 as they responded to increasing amounts of N4 peptide (Fig. 3B) . These data showed that a twofold reduction in the cellular abundance of PKD2 did not change the sensitivity of T cells in terms of their ability to activate PKD2 in response to small amounts of pMHC complexes (Fig. 3B) . Thus, the percentages of OT-I Prkd2 +/+ and OT-I Prkd2 +/-T cells that activated PKD2 in response to TCR stimulation were identical (Fig. 3B,  middle) , although the responding OT-I Prkd2 +/-T cells had a twofold decrease in the amount of active PKD2 compared to that in OT-I Prkd2 +/+ cells (Fig. 3B, right) . We also noted that decreasing the cellular concentration of PKD2 did not influence the ability of T cells to discriminate between TCR ligands with different affinity. The percentage of T cells that activated PKD2 in response to low-rather than high-affinity pMHC was thus identical for OT-I Prkd2 +/+ and OT-I Prkd2 +/-T cells; however, as before, the amount of active PKD2 in the Prkd2 +/-cells was twofold lower than that in Prkd2 +/+ cells (Fig. 3C ).
The amount of PKD2 matters
We previously showed that PKD2 is important for the TCR-stimulated production of key proinflammatory cytokines (2, 3) . Consistent with these findings, we found that naïve OT-I Prkd2 −/− T cells had a substantial reduction in Ifng mRNA abundance after TCR stimulation compared to that in OT-I Prkd2 +/+ T cells. PKD2 was required for the expression of Ifng, because loss of PKD2 reduced the amount of RNA polymerase II (Pol II) that was recruited to the Ifng, transcription start site, and distal exons in TCR-stimulated T cells (Fig. 4B) .
Is the amount of PKD2 important for TCR-dependent control of Ifng expression? We addressed this question by measuring the abundance of Ifng mRNA in TCR-stimulated OT-I Prkd2 (Fig. 4C) . We also examined TCR-stimulated Ifng mRNA abundance in OT-I Prkd2 SSAA/SSAA and OT-I Prkd2 +/SSAA T cells. The loss of the PKC phosphorylation sites in PKD2 reduces its catalytic activity to about 10% of that of wild-type PKD2 (2). Our analysis of Ifng mRNA production in OT-I Prkd2 SSAA/SSAA and OT-I Prkd2 +/SSAA T cells, which have PKD2 variants with about 10 and 60%, respectively, of the activity of wild-type PKD2, showed that they had a corresponding reduction in their abundance of Ifng mRNA (Fig. 4D) . Collectively, these data suggest that the ability of naïve CD8
+ T cells to produce Ifng in response to TCR engagement is directly dependent on the quantity of active PKD2 in the T cells.
PKD2 controls the recruitment of naïve CD8 + T cells into the effector pool
Cytokine secretion by T cells is a digital response (14, 20) , whereby increasing the concentration of a stimulus increases the percentage of cytokine-producing cells, but the rate of cytokine production per cell does not change with respect to stimulus concentration. We found that the number of active PKD2 molecules in TCR-stimulated T cells correlated with their Ifng mRNA abundance (Fig. 4, C and D) . However, it has not been determined whether PKD2 controls the number of T cells that produce interferon-g (IFN-g) in response to TCR engagement or controls the rate of IFN-g production per cell. To distinguish between these two possibilities, we used flow cytometry to assess the percentages of OT-I Prkd2
, and OT-I Prkd2 −/− naïve T cells that produced IFN-g in response to activation with the high-affinity N4 peptide. These results demonstrate that reducing the amount of PKD2 by twofold caused a decrease in the number of TCR-stimulated T cells that produced IFN-g, and that very few TCR-stimulated PKD2 null cells produced IFN-g (Fig. 4E) .
The number of naïve CD8 + T cells that produce IFN-g in response to TCR stimulation is determined by pMHC density and potency (20) . Having demonstrated that the number of active PKD2 molecules per cell correlated with the magnitude of IFN-g production by naïve OT-I T cells (Fig. 4 , C to E), we next asked whether the amount of cellular PKD2 affected T cell sensitivity to pMHC density in terms of the ability of the T cells to produce IFN-g. To explore this possibility, we used flow cytometry to determine the percentages of naïve OT-I Prkd2
, and Prkd2 −/− T cells that produced IFN-g in response to increasing concentrations of N4 peptide. The results obtained for OT-I Prkd2 +/+ were consistent with previously published data (20) , and showed that increasing the amount of N4 peptide increased the percentage of IFN-g-producing cells (Fig. 4F, left) and had a relatively small effect on the amount of IFN-g produced by the responding cells (Fig. 4F, right) . These data suggest that naïve T cells face an all-ornone decision in the context of IFN-g production, and that success at this activation checkpoint is determined by the strength of TCR engagement.
The results obtained for OT-I Prkd2
+/-and OT-I Prkd2 −/− T cells demonstrated that the amount of cellular PKD2 positively correlated with the percentage of IFN-g-producing cells (Fig. 4F, left) , suggesting that PKD2 facilitates the progression of T cells beyond the particular signaling threshold required for IFN-g secretion. It was also evident that the quantity of cytokine produced by the responding population was influenced by the amount of PKD2 in the cell (Fig. 4F, right) .
We also examined IFN-g production by naïve OT-I Prkd2
+/-, and Prkd2
−/− T cells in response to increasing concentrations of a peptide variant (Q4R7) with intermediate affinity for the OT-I TCR (Fig. 4G) . These experiments confirmed that both the density and the potency of pMHC determined the percentage of OT-I Prkd2 +/+ cells that produced IFN-g (Fig. 4, F and G, left panels) . Furthermore, these data suggest that although increasing the concentration or affinity of the peptide increased the percentages of OT-I Prkd2 +/-and OT-I Prkd2 −/− cells that produced IFN-g, the final outcome was determined by the amount of PKD2 present in the cells, even under conditions of TCR saturation (Fig. 4, F and G) . In contrast to the results obtained from experiments with a high-affinity peptide (Fig. 4F, right) , increasing amounts of an intermediate-affinity peptide barely influenced the quantity of cytokine produced by responder OT-I Prkd2 +/+ cells (Fig. 4G, right) . In addition, the rate of IFN-g production in response to an intermediate-affinity peptide was not affected by the amount of cellular PKD2 (Fig. 4G, right) , although the percentage of cells that produced cytokine was dependent on PKD2 (Fig. 4G, left) . These experiments also showed that PKD2 was particularly critical for IFN-g production during low-affinity TCR-pMHC interactions because only increased concentrations of a high-affinity peptide were capable of stimulating a decreased IFN-g response in OT-I Prkd2 −/− T cells (Fig. 4 , F and G, left panels).
PKD2 acts as a PKC effector in CD8 + T cells in vivo
Our in vitro studies suggest that PKD2 determines the percentage of naïve CD8 + T cells that become IFN-g producers. In this context, we previously showed that PKD2 is not required for the TCR-stimulated induction of immediate-early gene expression, but that it has a selective role in the TCR transcriptional program, and, in particular, that PKD2 couples the TCR to the induction of genes encoding multiple cytokines and chemokines (3). These data led us to predict that PKD2 would be important for T cell effector function in vivo, but this has not been assessed directly. Moreover, it has not been assessed whether the phosphorylation of PKD2 by PKC is important for T cell effector function in vivo.
To address these issues, we assessed the effector function of Prkd2 SSAA/SSAA CD8 + T cells in an autoimmune diabetes model, the rat insulin promoter-membrane-bound OVA (RIP-mOVA) transgenic mice. RIP-mOVA mice express membrane-bound OVA under the control of the rat insulin promoter in b cells of pancreatic islets. Adoptive transfer of naïve OT-I CD8 + T cells into RIP-mOVA mice followed by immunization with OT-I ligands results in the rapid destruction of b cells by antigen-specific OT-I effector T cells with the subsequent development of diabetes (19, 22) . Accordingly, we assessed the importance of PKD2 for CD8 + T cell effector function in OT-I Prkd2 +/+ and OT-I Prkd2 SSAA/SSAA CD8 + T cells by adoptively transferring them into RIP-mOVA hosts before analyzing the onset of diabetes after immunization of the mice with lipopolysaccharide (LPS) and the N4 peptide. Mice that received OT-I Prkd2
SSAA/SSAA cells exhibited a statistically significant delay in the onset of diabetes compared to that in RIP-mOVA mice that received OT-I Prkd2 +/+ cells, with some mice being resistant to diabetes onset (Fig. 5A) .
The effectiveness of T cell-mediated immune responses is determined by the number of effector T cells that can be generated from the pool of naïve T cells. To determine whether the phosphorylation and activation of PKD2 by PKCs was important for the production of effector T cells in vivo, we adoptively cotransferred carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled OT-I Prkd2 +/+ and OT-I Prkd2 SSAA/SSAA CD8 + T cells into C57BL/6 hosts, immunized the mice with LPS and N4 peptide, and then analyzed TCR-dependent cell division and effector T cell differentiation. The data from these experiments showed that the TCR-stimulated clonal expansion of OT-I CD8 + T cells deficient in PKD2 activity was reduced compared to that of OT-I Prkd2 +/+ T cells (Fig. 5B) .
OT-I Prkd2
SSAA/SSAA CD8 + T cells also showed a marked defect in their ability to produce IFN-g in response to immunization with LPS and N4 peptide (Fig. 5C) . Hence, these data suggest that PKC-mediated activation of PKD2 is required to generate IFN-g-producing effector T cells in vivo.
In additional experiments, we adoptively cotransferred OT-I Prkd2
and OT-I Prkd2 SSAA/SSAA naïve CD8 + T cells into C57BL/6 hosts and then infected the mice with an attenuated strain of Listeria monocytogenes expressing OVA (rLMOVA) (23) . At the peak of the effector phase (day 7 after infection), it was clear that the magnitude of the OT-I Prkd2 SSAA/SSAA T cell effector response was greatly reduced compared to that of their wild-type OT-I counterparts. Thus, the number of OT-I Prkd2 SSAA/SSAA T cells present in the blood and spleen of immunized mice was about 50% of that of the OT-I Prkd2 +/+ T cells (Fig. 5D) . The OT-I Prkd2
T cells that we detected at the peak of the effector phase had increased the amount of CD44 and decreased the amount of CD62L at the cell surface, indicating that they had received stimulation through their TCR (Fig. 5E ). We also analyzed the abundance of killer cell lectin-like receptor G1 (KLRG1), a cell surface marker that is diagnostic of terminally differentiated effector CD8 + T cells (24) . There was a statistically significant decrease in the number of KLRG1 + terminally differentiated effector T cells among the OT-I Prkd2 SSAA/SSAA CD8 + T cells (Fig. 5E ), suggesting that the CD8 + T cell effector response was impaired in the absence of the catalytic activity of PKD2. In addition, there were less OT-I Prkd2 SSAA/SSAA cells among the IFN-g-producing cells in response to Listeria infection (Fig. 5F ). Collectively, these data suggest that PKD2 is required for the efficient production of antigen-specific CD8 + effector T cells in vivo.
DISCUSSION
We showed that the DAG-regulated serine and threonine kinase PKD2 is a key signal amplifier for the TCR in naïve CD8 + T cells. The TCR-mediated activation of PKD2 was a digital response in which the percentage of T cells that activated this kinase was determined by the quality and quantity of the TCR ligand. Naïve CD8 + T cells have, on average, 400,000 molecules of PKD2, and the recognition of very few pMHC complexes on the surface of APCs was sufficient to activate the total pool of PKD2 in a single T cell. The effect of increasing the density and potency of pMHC ligands was such that the percentage of T cells that exhibited PKD2 activation increased. However, for each T cell that responded to antigen, the entire cellular pool of PKD2 was activated. Thus, PKD2 acts as a sensitive digital amplifier of TCR engagement to enable a population of naïve T cells to match the production of inflammatory cytokines to the quality and quantity of pMHC ligands. Previous studies showed that the number of cytokinesecreting naïve CD8 + T cells is determined by the strength of TCR-pMHC interactions (20) . Here, we identified PKD2 as a key PKC substrate in T cells that functions as an amplifier of the TCR signaling pathway to determine the ability of a naïve T cell to commit to cytokine production.
One of our main findings was the observation of how sensitive PKD2 activity was to TCR engagement with cognate ligands. As few as 6 ± 103 pMHC molecules were sufficient to stimulate activation of up to 500,000 PKD2 molecules in a single T cell. The molecular mechanism that enables PKD2 to act as a sensitive amplifier of TCR signaling resides in its mode of activation. PKD activation is initiated by the binding of DAG to its N-terminal regulatory domains, but it is completed and stabilized by the PKC-mediated phosphorylation of Ser 707 and Ser 711 in the catalytic domain of PKD. The sensitivity of the response reflects the high affinity of PKD2 for DAG, such that PKD2 is rapidly recruited to the plasma membrane when the T cell makes contact with peptide-loaded APCs (6). PKD2 is then phosphorylated and activated by PKCs, and the active enzyme immediately relocalizes into the cytosol (6). The rapid return of active PKD to the cytosol effectively clears the plasma membrane to enable further recruitment of inactive PKD2 molecules. TCR stimulation thus initiates a rapid and continuous process of membrane recruitment, phosphorylation, and activation of PKD2. An activated T cell can thus rapidly process and activate the entire cellular pool of PKD2. The rapid recycling of active PKD2 to the cytosol so that more PKD2 can be recruited to and activated at the membrane is a potential mechanism that enables PKD2 to become the signal amplifier: only a few active PKC molecules at the membrane can rapidly interact with and phosphorylate the entire cellular pool of PKD2. In this context, the importance of PKD2 as a PKC substrate is demonstrated herein: when PKD2 could not be phosphorylated by PKC, the CD8 + effector T cell responses were markedly impaired. The signal amplification mediated by PKD2 in the context of its role as a PKC substrate functions to translate the strength and duration of a TCR stimulus to determine the size of the T cell effector pool.
Another feature of the PKD2 pathway that we found is that it displays a digital, all-or-none activation response to TCR stimulation. The digital nature of TCR-mediated PKD2 activation is not explained by any autonomous self-amplifying mechanism. Hence, when the TCR was bypassed with phorbol esters to activate PKD2, cells displayed a graded response and not the digital behavior seen in response to TCR stimulation. Thus, the digital response was not PKD2-intrinsic but dependent on TCR signaling. In this regard, recent models argue that the digital nature of TCR signaling is TCR-proximal and occurs because TCRz phosphorylation by the tyrosine kinase ZAP70 creates a digital switch (25) . Moreover, we have observed that the recruitment of PKD2 to the plasma membrane, which is mediated by DAG binding and hence marks sites of DAG accumulation at the membrane, is a digital response. Antigen-activated T cells thus recruit either all or none of their PKD to the plasma membrane (6) . In addition, the TCR-stimulated activation of nuclear factor kB (NF-kB), another classic DAG-and PKC-mediated T cell response, is digital (26) . The digital nature of the TCR-dependent activation of PKD2 thus reflects the digital nature of the way in which the TCR controls the two key molecules required for PKD2 activation: DAG and PKC.
In conclusion, our study offers new insights into the regulation of the PKD family of kinases and illustrates that they can act as digital amplifiers of signaling networks controlled by DAG and PKCs. Our work highlights the importance of highly quantitative, single-cell analyses to understand how cells control the activity of PKDs. We focused here on PKD2 in T cells; however, PKD2 is a member of a family of three kinases (PKD1, PKD2, and PKD3), all of which are activated by the binding of DAG as well as PKCdependent phosphorylation (27) . PKD1 and PKD3 have equally crucial roles in other cell lineages. Indeed, PKD1 is essential for embryonic development (1). Our observations about PKD2 regulation in T cells may thus be generally relevant to the roles of PKDs in other cell systems.
MATERIALS AND METHODS
Mice
OT-I Prkd2
−/− and OT-I Prkd2 SSAA/SSAA mice were previously described (2, 3). OT-I transgene expression in these mice was assessed by flow cytometry, and at least 95% of CD8 + T cells were routinely positive for the OT-I TCR. RIP-mOVA mice were purchased from The Jackson Laboratory. C57BL/6 mice were purchased from Charles River. Mice were maintained in the Biological Resource Unit at the University of Dundee in compliance with UK Home Office Animals (Scientific Procedures) Act 1996 guidelines. The University Ethical Review Committee approved the procedures.
Cell preparation and culture
Lymph nodes from 10-to 14-week-old mice were harvested, pooled, disaggregated, and resuspended in RPMI 1640 medium containing L-glutamine with 10% (v/v) heat-inactivated fetal bovine serum (FBS), penicillin (50 U/ml), streptomycin (50 mg/ml, Invitrogen), and 50 mM 2-mercaptoethanol (Sigma). OT-I TCR transgenic lymph node cells (5 × 10 6 cells/ml) were activated with the different OVA-derived peptides (N4, SIINFEKL; Q4R7, SIIQFERL; or T4, SIITFEKL) or with PDBu (Calbiochem) for the indicated times and at the indicated concentrations. Where indicated, naïve OT-I CD8 + T cells were purified before activation by magnetic sorting (autoMACS, Miltenyi) with a CD8 T cell isolation kit (Miltenyi) according to the manufacturer's instructions. To analyze IFN-g production by flow cytometry, total lymph node cells or splenocytes were activated as indicated earlier for 2 hours at 37°C before GolgiPlug (BD Biosciences) was added to the cells and incubated for an additional 4 hours.
Western blotting analysis
Protein abundance and phosphorylation in purified naïve OT-I CD8 + T cells from Prkd2 +/+ and Prkd2 SSAA/SSAA mice were assessed with standard Western blotting protocols. Briefly, cell lysates were prepared on ice with radioimmunoprecipitation assay buffer [50 mM Hepes (pH 7.4), 150 mM NaCl, 1% (w/v) NP-40, 0.5% (w/v) deoxycholate, 0.1% (w/v) SDS, 10% (w/v) glycerol, 1 mM EDTA, 1 mM EGTA, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, 10 mM sodium b-phosphoglycerate, 0.5 mM sodium orthovanadate, 5 mM N-ethylmaleimide, 1 mM TCEP solution] supplemented with protease inhibitors (Roche) and were centrifuged at 16,000g for 10 min at 4°C. Protein samples were resolved by 10% bis-tris SDS-polyacrylamide gel electrophoresis gels, transferred onto nitrocellulose membranes (GE Healthcare), and blocked with 5% (w/v) nonfat dried skimmed milk powder in phosphate-buffered saline (PBS) containing 0.05% Tween 20. Blots were incubated with antibodies specific for total PKD2, phosphorylated PKD2 (pPKD2), total ERK1/2, and pERK1/2-Thr 202 /Tyr 204 (Cell Signaling Technology) according to the manufacturer's instructions. The generation and characterization of panand phospho-specific antibodies against PKD2 has been described previously (2, 28) .
Flow cytometry
For cell surface staining, cells were washed once in staining solution (PBS, 0.5% FBS, 0.5% bovine serum albumin, and 0.01% sodium azide) and stained for 20 min at 4°C in the same solution with saturating concentrations of antibody according to the manufacturer's instructions. Antibodies conjugated with fluorescein isothiocyanate (FITC), PE, allophycocyanin (APC), peridinin chlorophyll protein (PerCP)-Cy5.5, PE-Cy7, Horizon V450, and Horizon PE-CF594 were purchased from BD Biosciences, and eFluor780-conjugated antibodies were obtained from eBioscience. Cells were stained for the surface expression of the indicated markers with antibodies against the following targets (clone numbers are in parentheses): CD8 (53-6.7), CD4 (RM4-5), CD62L (MEL-14), CD45.1 (A20), Va2 (B20.1), and TCRb (H57-597), which were obtained from BD Biosciences, and CD44 (IM7), CD45. Quantitation of peptide presentation in RMA-S RMA-S TAP-deficient T cell lymphoma cells (provided by S. Powis, School of Medicine, University of St Andrews, St Andrews, UK) were loaded with serial dilutions of stimulating peptides for 2 hours at 37°C in serumsupplemented RPMI 1640 medium. Cells were washed and then stained with PE-coupled anti-SIINFEKL-K b antibody (25D1.16, eBioscience), whose fluorescence was calibrated with Quantibrite beads (BD Biosciences) according to the manufacturer's instructions. Peptide-loaded RMA-S cells were mixed with total lymph node cell preparations from OT-I mice at a ratio of 1:1 and incubated at 37°C for 2 hours before being processed for intracellular staining with anti-pPKD2-Ser 873 antisera.
PKD2 quantification by SRM
Purified naïve OT-I CD8 + T cells from pooled lymph nodes were lysed in 8 M urea and 100 mM tris-HCl (pH 8), and proteins were digested with trypsin to generate peptides. Total lysate samples were separated on a 75 mm × 15 cm reversed-phase column (Thermo Fisher) in a Dionex Ultimate 3000 Nano LC system (Dionex/Thermo Fisher) coupled to a QTRAP 5500 (AB SCIEX) mass spectrometer according to the SRM method. Data were analyzed with Skyline software (29) . Initial characterization of PKD2 peptides was performed to identify the best SRM transitions through experimental data, and the PKD2 654-664 peptide (FLITQILVALR) was selected as optimal for PKD2 quantification by SRM. A known concentration of heavylabeled PKD2 654-664 peptide (arginine, R, +10 daltons, 13 C 6 / 15 N 4 ; AQUA QuantPro, Thermo Scientific) was mixed with a trypsin digest of total lysate of a known number of naïve OT-I T cells. The ratio of peak intensities of six distinct transitions for light (endogenous PKD2) and heavy peptides was used to back-calculate the amount of PKD2 per cell. The quantification was performed in three biological replicates.
